BACKGROUND AND PURPOSE: DTI can provide information about brain ultrastructure by quantifying water diffusion. Our objective was to assess the value of DTI in detecting the acute effects of alcohol on healthy human brains.
A lcohol abuse mediates its effects on both the developing and developed brain, directly or indirectly, and has acute and chronic complications. 1 Given the high prevalence of alcohol abuse and the limited and inefficient current treatment options, the need for better understanding of the effects of alcohol is clear. A number of measures have been used to examine these effects. Acute alcohol intoxication has been shown to decrease the amplitude and increase the latency of several components of the ERP, most notably the P3 or P300. 2 The ERP paradigm was a modified version of the Petrides and Milner Number Sequencing task. 3 The term "P300" is used to refer to the canonical ERP component, which also is called the P3 or the more nebulous ''late positive component." Results from EEG-complexity measures suggest that EEG is a sensitive indicator of task-dependent synchronization characteristics that are modified by low alcohol dose as reflected in alterations in most frequency bands. 4 Brain imaging studies have shown that acute alcohol administration induces a marked decrease in glucose metabolism throughout the human brain. 5 Previously MR imaging has been applied to the study of human chronic alcoholism. Early observations by using structural MR imaging studies reported that white matter subjacent to the cortex and the pons is affected in terms of macrostructural volume deficits in uncomplicated alcoholism. Specific brain regions affected by chronic alcohol exposure and depicted by structural MR imaging include the cortical gray and white matter, particularly prefrontal areas in older alcoholic individuals, 6 and the thalamus. 7 However, these measures have been unable to explain directly the development of cellular edema after acute alcohol administration.
DTI is a recent application of MR imaging based on measurement of the Brownian motion of water molecules. In DTI, the characteristics of water diffusion in the brain are used to assess the microstructural integrity of white matter pathways; water diffuses more readily along the orientation of axonal fibers than across the fibers due to hindrance from structural elements such as the axolemma and the myelin sheath. 8 The main parameters measured are FA, which reflects the preferential direction of water diffusion along the white matter tracks, and ADC, which reflects overall diffusivity. DTI has been introduced in the diagnosis of disease conditions such as acute stroke, 9 multiple sclerosis, 10 and cerebral ischemia. 11 In connection with chronic alcohol consumption, many previous DTI studies have reported reduced FA in certain brain regions: for example, in the genu of the corpus callosum; the centrum semiovale 12 ; and the frontal and superior sites, such as frontal forceps, internal and external capsules, and fornix. 13 DTI has revealed evidence for microstructral disruption of white matter in alcoholic men and women, even in regions appearing normal on conventional volume imaging.
12,14 DTI measures enabled examination of the effect of chronic excessive alcohol consumption on the microstructural integrity of major fiber bundles in vivo. To our knowledge, there is no report of DTI to assess the impact of acute alcohol administration on the diffusion of water in the human brain; we hypothesize that DTI can detect the effects of acute alcohol administration in healthy young human brain that are difficult to assess with conventional MR imaging.
Materials and Methods
Institutional review board approval was obtained for all experiments. All participants provided written informed consent approved by both the university hospital and institutional review boards.
Study Subjects
Sixteen healthy subjects, 8 men and 8 women, with a mean age of 26 Ϯ 1.1 years, were recruited for the study. We studied the adult volunteers by using a repeated-measures design. The 16 volunteers were randomly divided into 2 groups: a low-dose (0.45 g/kg) group (n ϭ 8) and a high-dose (0.65 g/kg) group (n ϭ 8). The alcohol was given in the form of wine (53% volume of alcohol Maotai wine, 2010, Kweichow Moutai Co. Ltd., Renhuai, Guizhou, China). Subjects in the low-dose group were given 0.45 g of alcohol per kilogram body weight. That is equivalent to a person of 80-kg weight with 2 glasses of wine (0.2 L, 11% volume of alcohol). The dose administrated to the high-dose group was 0.65 g of alcohol per kilogram body weight, which is equivalent to a person of 80 kg with 3 glasses of wine (0.2 L, 11% volume of alcohol). All drinks were mixed with some food, such as peanuts. Each participant received an individually tailored dose of alcohol calculated on the basis of weight following an algorithm: alcohol consumption (milliliters) ϭ the amount of alcohol intake (grams)/alcohol concentration (percentage) ϫ 0.8 (ethanol attenuation). Subjects were asked to consume the wine during a 6-to 10-minute period. BrACs were measured before drinking to ensure that participants were not already under the influence of alcohol and immediately before MR imaging to estimate BACs. The Alco-Sensor III breathalyzer (ALCPRO, Knoxville, Tennessee) was used to estimate BAC and is an electronic instrument that has been found to have good validity and reliability and to provide results highly correlated (r ϭ 0.96) with the chemical analysis of blood among cooperative subjects. 15 Participants were recruited by word of mouth. To be eligible for the study, potential volunteers were interviewed via telephone and asked a number of questions concerning their general health and medical history, in addition to questions especially related to their history of alcohol use and abuse. Potential volunteers with histories of serious physical disease and of psychiatric disorder, seizure, head trauma, or CNS tumors were excluded from participation. To ensure that the alcohol dose received in the study would be within the participants' normal range of experience, we excluded very heavy drinkers. Participants were asked to refrain from any alcohol for 24 hours before their appointment and to eat a light meal 5-6 hours before their appointment. Subjects were informed about the test procedures and consented to participate by signing an informed consent form.
Behavioral Evaluation
Before alcohol and at 0.5, 1, 2, and 3 hours after alcohol administration, subjects were asked to evaluate their subjective sense of headache, excitement, dizziness, sleepiness, or obfuscation.
MR Image Acquisition
Conventional MR imaging and DTI were performed in all subjects. MR imaging was acquired on a 1.5T MR imaging system (Signa; GE Healthcare, Milwaukee, Wisconsin) equipped with an 8-channel phased-array head coil. Imaging sequences of the brain included spinecho T1WI, fast spin-echo T2WI, and DTI. The MR imaging parameters were as follows: 2633/23.4 ms (TR/TE) for spin-echo T1WI; 4500/107.9 ms (TR/TE) for fast spin-echo T2WI; and 8000/98.3 ms (TR/TE) and NEX ϭ 1 for DTI. The other parameters were the following: section thickness ϭ 5 mm with no gap between sections, matrix ϭ 256 ϫ 256, FOV ϭ 24 ϫ 24 cm. DTI was performed with a single-shot spin-echo echo-planar pulse sequence by using 25 diffusion-encoding directions. The minimum b-value was 0 s/mm Ϫ2 ; the maximum was 1000 s/mm Ϫ2 . Subjects were imaged before alcohol so that each subject could serve as his or her own control. Following the control image acquisition, acute alcohol administration was performed. Volunteers were re-imaged 0.5, 1, 2, and 3 hours after the initiation of alcohol administration by using the same imaging parameters as in the prealcohol imaging session. Ear protection was used.
Data Analysis
Images were postprocessed off-line by using DTIStudio software (Johns Hopkins University, Baltimore, Maryland) and an Advantage workstation for Windows (AW 4.3, GE Healthcare). After correction for movement and EPI-induced distortion artifacts, the diffusion tensor was calculated for each voxel. The final DTI dataset was fed into the software FuncTool, Version 4.5.5 (GE Healthcare), which automatically computes the FA and ADC maps. The ROIs included the frontal white matter, internal capsule, external capsule, precentral gyrus, postcentral gyrus, thalamus, middle cerebellar peduncle, and brain stem. A series of voxels was selected systematically on the left and right sides of the ROIs in all subjects respectively (Fig 1) . Two radiologists who were retrospectively blinded to the follow-up images manually drew the ROIs on each DTI section; the anatomic accuracy of the ROI placement was validated by a board-certified neuroradiologist. The area of each ROI was 32 cm 2 , except in the external capsule where the ROI areas were 26 cm 2 .
Mean Ϯ SD of FA and ADC values for the ROIs at 0.5, 1, 2, and 3 hours after alcohol administration were recorded.
Statistical Analysis
All continuous data (FA, ADC value) are expressed as mean X Ϯ SD and were analyzed by repeated-measures analysis of variance followed by individual Student-Neuman-Keuls tests. High-and low-dose effects were compared by using the Student t test. A P value Ͻ.05 was considered to indicate a statistically significant difference, and data were analyzed by using the Statistical Package for the Social Sciences, Version 15.0 (SPSS, Chicago, Illinois).
Results

The Effects of Alcohol on the Central Peripheral Nervous System
A low dose of alcohol changed the mood and behavior of the persons tested. They were in a depressed mood (n ϭ 5), had increased speech (n ϭ 4), showed signs of excitement (n ϭ 6), and had headache (n ϭ 6) and dizziness (n ϭ 3). The test subjects who had the high dose of alcohol showed reactions like headache (n ϭ 8), dizziness (n ϭ 4), nausea (n ϭ 4), depression (n ϭ 6), and obfuscation (n ϭ 2). They had problems coordinating and controlling their movements (ataxia). In our study, peak behavioral effects for both doses of al-cohol occurred around 60 minutes after acute alcohol administration. Both doses increased self-reports for headache, excitement, dizziness, sleepiness, or obfuscation.
MR Imaging
According to conventional T2WI, no difference in signal intensity between pre-and post-alcohol-consumption subjects was observed, whereas the ADC maps showed regions of hypointensity diffusely scattered throughout in the frontal lobe (Fig 2) , thalamus, and middle cerebellar peduncle. Significant differences were observed for ADC values in the frontal lobe and middle cerebellar peduncle between the prealcohol state and 1 and 2 hours (P Ͻ .01) after acute alcohol administration in both the high-and low-dose groups (Tables  1 and 2 ). The ADC values showed significant changes, reaching a minimum value at 1 hour (high dose: 0.749 ϫ 10 Ϫ3 Ϯ 0.334; low dose: 0.737 ϫ 10 Ϫ3 Ϯ 0.372) in the frontal lobe followed by a gradual recovery and reaching a minimum value at 2 hours (high dose: 6.414 ϫ 10 Ϫ3 Ϯ 0.461; low dose: 6.527 ϫ 10 Ϫ3 Ϯ 0.536) in the middle cerebellar peduncle followed by a gradual recovery in both dose groups. Although the overall effects of both alcohol doses tended to decrease the ADC in the thalamus, reaching a minimum value at 1 hour (high dose: 0.737 ϫ 10 Ϫ3 Ϯ 0 .309; low dose: 0.708 ϫ 10 Ϫ3 Ϯ 0.254), the differences were only significant for the high dose (P Ͻ .05) ( Tables 1 and 2 ). No statistically significant differences were observed for the ADC values in the other selected regions in both low-and high-dose groups. The dose effect for ADC values was not significant. A sharp decrease of ADC values in the frontal lobes was observed by 0.5 hour after alcohol administration, reaching a minimum value at 1 hour, followed by a gradual recovery in both the low-and high-dose groups (Fig 3A, -B) .
A statistically significant increase in FA was seen in the frontal lobe (P Ͻ .01) at 0.5 hour (high dose: 0.595 Ϯ 0.075; low dose: 0.588 Ϯ 0.083) after acute alcohol administration compared with before acute alcohol administration in both dose groups. No statistically significant differences were observed for the FA values in the other selected regions in both dose groups (Tables 3 and 4 ). Figure 3C , -D shows that FA values in the frontal lobes increased and reached a peak at 0.5 hour after drinking. Figure 3E shows the BrACs (BACs) of all 16 subjects; these were significantly increased to a peak at 0.5 hour in both the low-dose, 0.3 mg/L (65 mg/100 mL), and the high-dose, 0.5 mg/L (100 mg/100 mL), groups after drinking and then decreased.
Our results showed that the ADC values in the frontal lobe were significantly correlated with the BrAC at 1 hour (r ϭ Ϫ0.526, P ϭ .030) after acute alcohol administration of a high dose and 3 hours (r ϭ Ϫ0.565, P ϭ .005) after a low dose. Our results also showed that the ADC values in the middle cerebellar peduncle were significantly correlated with the BrAC at 1 hour (r ϭ Ϫ0.681, P ϭ .004) after acute alcohol administration of a high dose and the FA values were correlated with the BrAC at 3 hours (r ϭ 0.818, P ϭ .047) after acute alcohol administration of a low dose. Table 5 lists the correlation coefficients between the ADC and FA values and the BrAC in the frontal lobe and the middle cerebellar peduncle. There were no significant correlations between the 2 DTI parameters and the BrAC in other ROIs at any time point after the acute alcohol administration.
Discussion
Ethanol is demonstrated to have many adverse effects on the CNS by depression of hemodynamic and respiratory centers; decrease in regional cerebral blood flow 16 and resulting cerebral ischemia; formation of free radicals; dysfunction of Na ϩ / K ϩ -ATPase; and disruption of ionic homeostasis, such as effects on ion influx, including Na ϩ , Ca 2ϩ , and Mg ϩϩ .
17
Because ETOH inhibits Na ϩ /K ϩ activity, influx of Na ϩ would result in an efflux of H ϩ , with subsequent intracellular Na ϩ accumulation and eventual cytotoxic edema. ATP levels are depleted because oxidative phosphorylation is abrogated during ischemia that results from alcohol. Concomitant or progressive energy depletion during ensuing cerebral ischemia propagates Na ϩ /K ϩ -ATPase failure and aggravates cytotoxic brain edema. In vitro, astrocytes acutely exposed to isosmotic ETOH rapidly swell. Acute exposure to alcohol can induce cellular edema in neonatal rat primary astrocyte cultures and was also associated with a dose-dependent increase in astro- ADC maps and T2WI and isotropic DWI images before acute alcohol consumption and 1 hour after the acute alcohol administration in a 25-year-old female subject. A and B, ADC maps show multiple hypointensities scattered throughout the centrum semiovale at both time points, but there is a marked increase of hypointensity diffusely scattered throughout at 1 hour after acute alcohol consumption compared with before acute alcohol consumption. C and D, T2WI images show no visible changes in the centrum semiovale. E and F, Isotropic DWI images show an increase of hyperintensity diffusely scattered throughout the centrum semiovale at 1 hour after acute alcohol consumption compared with before acute alcohol consumption. cyte volume. 18 By definition, brain edema is an abnormal accumulation of fluid within the brain parenchyma that produces a volumetric enlargement of the brain tissue. Currently, 2 major types of brain edema, cytotoxic brain edema and vasogenic brain edema, are recognized. 19 DTI and ADC could offer the opportunity for real-time detection and differentiation of edema formation. 20 Although the precise nature (cytotoxic versus vasogenic) of alcohol-dependent edema is still uncertain, here, we evaluated the effects of alcohol on brain Brownian motion of water to assess whether we could document alcohol-induced edema in the human brain by using DTI. ADC should be interpreted in terms of changes in the diffusion coefficient of the extracellular space and in its fractional volume relative to the intracellular volume. ADC values were helpful for identifying and distinguishing the type of edema in ischemia. 21 Reduced ADC suggests cytotoxic edema, whereas increased ADC in the brain indicates vasogenic edema. 22 The ADC decrease seen in abnormal brain tissue can be ascribed to cellular swelling (cytotoxic edema), in which water shifts from the extracellular to the intracellular compartment because of disturbances in ion homeostasis.
The most important result of our study is that ADC values in the frontal lobe, thalamus, and middle cerebellar peduncle were predictive of the development of cytotoxic edema. Reduced ADC values with both alcohol doses in the frontal lobe and middle cerebellar peduncle and also high alcohol dose in the thalamus after drinking suggest development of cytotoxic edema, whereas increased ADC may suggest gradual recovery of edema and may reach normal 3 hours after acute alcohol consumption in the frontal lobe and thalamus.
FA, a normalized measure of anisotropy calculated from the diffusion tensor, has been shown to be sensitive to microstructural changes in white matter integrity. 23 The anisotropic diffusion is thought to increase as a result of myelination, axonal thickness, or the amount of parallel organization of axons or a combination of these 3 factors. In our study, the FA values were not significantly changed; alterations were found only in the frontal lobe. The frontal lobe showed increased mean FA values in 6 subjects and decreased mean value in 2 subjects with the high dose, and an increased mean FA value in 6 subjects, a decreased mean value in 1 subject, and no alteration in 1 subject with the low dose. However, no statistically significant alteration in FA values was observed in other selected ROIs.
FA values in our experiment appeared to increase temporarily in the frontal lobe in both the low-and high-dose groups. The time dependence of the FA value did not exhibit the same monotonic trend (Fig 3C, -D) . Our finding may be explained by the fact that the acute increase in FA value was thought to arise from cell swelling during cytotoxic edema, which, for white matter, reduced the spacing between the myelin fiber bundles. The increased extracellular tortuosity may cause increased restriction of water movement transverse to the fiber direction and thus an increase in the FA value. 24 Therefore, the FA value of the ROIs may be more influenced by the location of the cerebral lesion than its extent and severity, which should be investigated in the future with a large number of patients. In white matter tracts, the direction of the largest eigenvalue represents diffusivity along the longitudinal axis of the tract (axial diffusivity, 1), which can be altered with the disruption of axonal integrity and axonal deletion; the 2 smaller eigenvalues (2 and 3) represent the radial diffusivity, which increases selectively with a decline in myelin integrity. 25, 26 The calculation of ADC and FA is derived by algebraic manipulation of the eigenvalues. However, analysis of the impact of alcohol on the component eigenvalues of the diffusion tensor received no attention in our study. To enhance the use of indices of anisotropy as reliable indicators of the severity of acute alcohol administration in clinical practice, a more detailed study of the intrinsic values of these parameters will be required.
The fact that alterations of ADC and FA values showed in the frontal lobes, thalamus, and middle cerebellar peduncle in our study supports the concept that these areas are more vulnerable to the effects of acute alcohol consumption. Frontal lobes compose the single largest cortical region in the brain. The frontal lobe is involved in functions such as decisionmaking; creative thinking; artistic expression; aspects of emotional behavior; and spatial working memory, language, and motor control. 27 The thalamus serves as a major junctional complex that modulates input to the prefrontal cortex, and it has been suggested that the prefrontal cortex should be defined on the basis of its anatomic relationship with the medial dorsal thalamic nucleus. 28 The ventrointermediate nuclei is the thalamic relay of the cerebellothalamocortical tract; it sends projections primarily to the motor cortex. This pathway is important for movement control. 29 The middle cerebellar peduncle is a fiber tract originating in the pontine nuclei, which send axons to the contralateral cerebellar cortex; most of these axons pass through the contralateral middle cerebellar peduncle. This intimately connected pathway presumably sends somatosensory movement-related information to the cerebellum. 30 Decreased activation of the cerebellum under acute alcohol conditions has previously been reported 30 and may underlie impairments seen in mood, behavior, cognition, and motor activity. 32 The average peaks of the BrAC in both dose groups, which roughly occurred approximately 0.5 hour after the onset of drinking, represent the peak of blood-ethanol concentrations. Therefore, in our study, how the brain is influenced by acute alcohol administration may not be reflected by BrAC or BAC; DTI is more effective than BrAC or BAC for the detection of alcohol-induced changes in human brain.
Conclusions
Our investigation demonstrates that DTI can provide detailed information concerning brain Brownian motion of water in cases of acute alcohol consumption, allowing the diagnosis of cytotoxic brain edema. DTI is capable of detecting changes in the brain after acute alcohol consumption not visible on conventional MR imaging. DTI has been shown to be more effective in detecting alcohol-induced changes on the human brain compared with BAC or BrAC. The frontal lobes, thalamus, and middle cerebellar peduncle are especially vulnerable to the effects of alcohol. The recovery of DTI parameters (ADC and FA values) after drinking may indicate that both low and high doses of alcohol can affect the function of the brain temporarily but not damage it irreversibly for those who are not chronic alcoholics or heavy drinkers.
